Background Alcohol exposure is one of the major risk factors for global burden of disease, but atrial fibrillation (AF) had not yet been included in these estimates. The purpose of this contribution was to examine the dose-response relationship between alcohol consumption and AF and to explore potential causal pathways. Design and methods Systematic literature review and meta-analyses. Results Overall, a consistent dose-response relationship between the amount of alcohol consumed daily and the probability of the onset of AF was found. Women consuming 24, 60 and 120 g of alcohol daily had relative risks of 1.07 [95% confidence interval (CI): 1.04-1.10], 1.42 (95% CI: 1.23-1.64) and 2.02 (95% CI: 1.60-2.97), respectively, relative to nondrinkers. Among men, the corresponding relative risks were 1.08 (95% CI: 1.04-1.11), 1.44 (95% CI: 1.23-1.69) and 2.09 (95% CI: 1.52-2.86). Based on the categorical analyses, we could not exclude the existence of a threshold (three drinks a day for men and two drinks a day for women). Several pathogenic mechanisms for the development of AF in alcohol users were identified. Conclusion Epidemiological criteria for causality were met to conclude a causal impact of alcohol consumption on the onset of AF with a monotonic dose-response relationship. However, the impact of light drinking is not clear. Eur J Cardiovasc Prev Rehabil 17:706-712
Introduction
Alcohol consumption is one of the most important risk factors for the global burden of disease and disability [1, 2] . In addition to the health states directly related to alcohol consumption such as alcohol dependence or alcoholic liver cirrhosis, alcohol use is also causally linked to a wide range of acute and chronic conditions traditionally considered to be outside the addiction field [3, 4] .
Several cardiovascular disease categories have been linked to alcohol, especially to heavy consumption [5] [6] [7] , but the relationship to cardiac arrhythmias has not been included in most studies on alcohol-attributable mortality or burden of disease. Within the category of arrhythmias, atrial fibrillation (AF) has been discussed to be potentially caused by alcohol for several decades [8] . AF is the most common arrhythmia in clinical practice with approximately 2.2 million people in the United States having paroxysmal or persistent AF. During the past 20 years there has been a 66% increase in hospital admission because of AF [9, 10] .
In 1978, Ettinger et al. [11] linked heavy alcohol consumption on weekends or holidays with the higher risk of the subsequent onset of cardiac disturbances, mainly AF, currently known as the 'holiday heart syndrome.' Different studies have subsequently assessed the association between alcohol consumption and AF [12] [13] [14] [15] [16] [17] . All but one of these studies were conducted after the publication of the two meta-analyses on this topic, both of which dealt with the larger category of cardiac rhythm disorders based on the same two studies with the same pooled results, showing no significant differences for any drinking category [18, 19] .
Several publications since the last meta-analysis highlighted the association between heavy alcohol consumption and increased risk of cardiac arrhythmias [8] . For instance, significant risk was associated with 6 + drinks per day on average (Z 48 g/day of pure ethanol) in a UK Study [16] , five plus drinks (Z 60 g) per day for men in the Copenhagen City Heart Study [12] or three plus drinks (Z 36 g) per day in the Framingham Study [13] . In contrast, the effects of light-to-moderate alcohol consumption on the onset of AF in the same studies could not be clearly established. The cited and other recently published studies enable not only a better quantification of the risks of the onset of AF related to alcohol consumption, but also the testing of the hypothesis of whether there is a threshold for the effect of alcohol exposure.
Objectives
The main objective of this study was to quantify the dose-response relationship between average volume of alcohol consumption and onset of AF. The second objective was to test for a potential threshold for the effect of alcohol exposure, the third objective to examine criteria to establish causality of this relationship.
Methods

Definition of outcome
The outcome of the studies was AF diagnosed by physician on the basis of clinical findings verified by ECG data, according to the diagnostic criteria of the International Statistical Classification of Diseases and Related Health Problems (ICD), Ninth and Tenth revisions, correspondingly (ICD-10 code: I48 -AF and flutter, ICD-9 code: 427.31).
Systematic literature search and extraction of data
A systematic literature search was performed for studies on the association between alcohol consumption and AF using multiple electronic bibliographic databases, including Ovid MEDLINE, EMBASE, Web of Science, CINAHL, PsychINFO, ETOH and Google Scholar. The period of search was from January 1960 to April 2009, with no language restrictions. The search was performed in April 2009 using the following combinations of the key words: alcohol* (truncated), alcohol, alcohol consumption, alcohol intake, drinking, alcoholism, alcohol abuse, alcohol misuse, rhythm* (truncated), arrhythmia, dysrhythmia, tachyarrhythmia, bradyarrhythmia, tachycardia, bradycardia, conduction, fibrillation, flutter, atrial, ventricular, paroxysmal, exstrasystol* (truncated). In addition, major epidemiological journals and reference lists of relevant articles were reviewed manually. The first iteration of the search was performed by AVS; the fulltext review of selected articles, the decision of inclusion into analysis and the data extraction were performed by AVS and HI.
The inclusion criteria for reviewed articles were:
(1) A case-control or cohort design.
(2) The inclusion of hazard ratios, relative risks (RR) or odds ratios, with 95% confidence intervals (CI) (or information allowing for their calculation) associated with different levels of alcohol consumption compared with abstention. (3) The endpoint being AF morbidity. (4) Three or more categories of alcohol consumption reported for dose-response analysis.
If multiple published reports based on the same study data were found, the one with the most comprehensive data on alcohol consumption was included in the metaanalysis. The bibliographic database search resulted in 1431 articles, 16 of which were potentially relevant. Based on inclusion criteria six studies, comprising of eight independent datasets were selected for analysis of the risk for the onset of AF related to alcohol consumption ( Fig. 1 ). In addition, to minimize the chances of missing relevant studies in which no association between alcohol consumption and development of AF was found and thus alcohol consumption was included neither into keywords nor abstract, we have performed additional broad search using keywords 'atrial fibrillation', 'rhythm*' (truncated) and 'risk factor' -2230 articles were screened for retrieval, no new studies that would meet inclusion criteria were found. Characteristics of selected studies are presented in Table 1 .
Alcohol consumption was converted to average grams of pure alcohol per day. A midpoint was calculated when alcohol consumption was given in ranges.
In cases of open-ended categories, 75% of the width of the previous range category was added to the lower bound of such categories.
Causal criteria
Causal relationship between alcohol consumption and AF was established on the basis of the standard criteria for causality in epidemiology [21, 22] association and strength of association, temporality, consistency, dose-response relationship, plausibility of biological pathways, exclusion of confounding and alternative explanations and reversibility following interventions.
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Statistical analysis
To examine the dose-response relationship between alcohol consumption and risk of AF (objective 1), the method proposed by Greenland and Longnecker [23, 24] was used to back calculate and pool the risk estimates. The midpoints described above were used for the regression analyses. To derive the dose-response curve, we fitted a family of first and second degree fractional polynomial models [25] . All models were fitted using DerSimonian and Laird's [26] random-effects model to incorporate the between-study variability. The best fitting model was selected based on a closed test comparison between fractional polynomial models [25] and overall model fit was assessed using the Q statistic [27] . These analyses were completed using the generalized leastsquares trend command in Stata, Version 10.1 [27] .
Regression analysis might provide distorted results for levels of drinking, where no or few data points exist, as it tries to minimize the overall deviation of data points from the regression line. Categorical analyses can give a better indication on the risk for specific categories, and thus is better suited to detect thresholds (objective 2). To assess whether a threshold exists, that is, a level of alcohol consumption under which the risk of AF was not increased, we also modeled alcohol intake using the following categories: 0 (reference group), > 0-2, > 2-3, > 3-4, and > 4 drinks daily. A drink was equivalent to 12 g.
Statistical heterogeneity between studies was assessed using both the Cochrane Q-statistic and the I 2 statistic. For the Q-statistic, a P value of less than 0.10 was considered to be representative of statistically significant heterogeneity. I 2 ranges between 0 and 100% and describes the percentage of total variation across studies that is owing to heterogeneity. A value of zero indicates no observed heterogeneity, and larger values show increasing heterogeneity [27, 28] . Publication bias was assessed by visual inspection of Begg's funnel plot [29] and by applying two statistical tests: Begg-Mazumdar adjusted rank correlation test [30] , and the Egger regression asymmetry test [29] . A P value of less than 0.10 was considered as indication of statistically significant publication bias. All statistical analyses were completed using Stata, Version 10.1 [31] .
Results
The meta-analysis on alcohol consumption and AF yielded an overall pooled relative risk of 1.08 per drink (or the equivalent of 12 g pure alcohol) per day (95% CI: 1.04-1.12). Similar effects were observed among women and men (Fig. 2) . Figure 2 also displays the relative contribution of the individual studies based on the assumption that the RR per drink remained constant over the full range of exposure.
Using the methods described above, we found that the best fitting models were the linear models on logarithmized risk. The model fit statistics revealed that these models fitted the data well and there was no statistically significant heterogeneity among the results of individual studies for both sexes combined (Q-test = 31.64, d.f. = 30, P value = 0.385; I 2 = 5%, 95% CI: 0-35%), for women (Q-test = 22.51, d.f. = 20, P value = 0.314; I 2 = 11%, 95% CI: 0-46%) and for men (Q-test = 22.6, d.f. = 19, P value = 0.255; I 2 = 16%, 95% CI: 0-51%). The fitted dose-response curves that summarize the association between alcohol consumption and risk of AF are shown in Fig. 3 . Women who consumed 24, 60 and 120 g of alcohol daily had RRs of 1.07 (95% CI: 1.04-1.10), 1.42 (95% CI: 1.23-1.64) and 2.02 (95% CI: 1.60-2.97), respectively, relative to nondrinkers. Among men, the corresponding RRs were 1.08 (95% CI: 1.04-1.11), 1.44 (95% CI: 1.23-1.69) and 2.09 (95% CI: 1.52-2.86). Table 2 shows the results from the categorical metaanalyses on potential thresholds. Compared with nondrinkers, alcohol consumption of two or fewer drinks per day was not significantly associated with the risk of AF among women. In fact, the risk of average low-volume consumption was almost identical to the risk of nondrinkers (RR = 0.99, 95% CI: 0.91-1.07, P value = 0.775). In contrast, women who consumed more than two to three drinks daily had a 17% increased risk of AF while those consuming more than four drinks daily had a 2-fold increase in the risk of AF. Among men, alcohol consumption of up to three drinks daily was not significantly associated with the increased risk of AF. However, in comparison with nondrinkers, alcohol consumption of more than three to four drinks per day was significantly associated with the increased risk of AF (RR = 1.25, 95% CI: 1.01-1.55, P value 0.045), as was consumption of four plus drinks daily (RR = 1.53, 95% CI: 1.23-1.91).
Publication bias
There was no evidence of publication bias. Both Begg's adjusted rank correlation test and Egger's regression asymmetry test indicated no evidence of substantial publication bias among women (P = 0.707 for Begg's test, P = 0.841 for Egger's test) or among men (P = 0.462 for Begg's test, P = 0.477 for Egger's test).
Discussion Association and strength of association
The meta-analysis of the existing case-control and cohort studies revealed a clear association between alcohol consumption and the risk of onset of AF.
Consistency
An association between alcohol consumption and the risk of incidence of AF was observed in five out of six studies carried out in different settings (or in seven out of eight datasets). Though the strength of association varied among the studies, it was consistent.
Dose-response relationship and threshold testing
In our study, a dose-response relationship between level of daily consumption and the risk of AF was found. Results from the categorical analysis suggest that there may be a threshold under which there is no significant increase of AF.
Temporality
Several of the cited studies measured alcohol consumption at baseline and then followed-up for extensive times. In addition, the onset of AF after days with excessive drinking can serve as indirect proof.
Reversibility following interventions
AF rarely becomes a chronic condition that makes reversibility criterion nonapplicable.
Biological pathways
The primary pathogenic mechanism of development of AF is atrial re-entries [32] . Prerequisites of development of re-entries are the unidirectional impulse blockage and relative increase of recirculation time so that it exceeds the refractory period of initial segment of the circuit [8, 33] .
Alcohol consumption, acute or chronic, has various effects on electrical activity of the heart. This includes direct alcohol cardiotoxicity, hyperadrenergic activity during drinking and withdrawal, impairment of vagal tone and increase of intra-atrial conduction time [8] . Pathophysiologically, each of the factors described above leads to either decrease of conduction velocity or to shortening 
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Another potential explanation of the onset of alcoholrelated AF is the remodelling of left atrium owing to hypertension, which in turn is associated with alcohol consumption and has been shown to be an independent risk factor for AF in multiple studies [34] ; for the relationship between alcohol and hypertension see [35] [36] [37] [38] [39] .
In summary, there is enough clinical and pathophysiological evidence to conclude that alcohol consumption may cause the onset of AF.
Conclusion
Epidemiological criteria for causality were met to conclude a causal impact of alcohol consumption on the onset of AF with a monotonic dose-response relationship. However, the impact of light drinking is not clear. 
